There is controversy concerning the contribution of nonshivering thermogenesis in brown adipose tissue (BAT) to emotional hyperthermia. In the present study we compared BAT, core body, and brain temperature, and tail blood flow, simultaneously measured, to determine whether BAT thermogenesis contributes to emotional hyperthermia in a resident Sprague-Dawley rat when an intruder rat, either freely-moving or confined to a small cage, is suddenly introduced into the cage of the resident rat for 30 min. Introduction of the intruder rat promptly increased BAT, body, and brain temperatures in the resident rat. For the caged intruder these temperature increases were 1.4 Ϯ 0.2, 0.8 Ϯ 0.1, 1.0 Ϯ 0.1°C, respectively, with the increase in BAT temperature being significantly greater (P Ͻ 0.01) than the increases in body and brain. The initial 5-min slope of the BAT temperature record (0.18 Ϯ 0.02°C/min) was significantly greater (P Ͻ 0.01) than the corresponding value for body (0.10 Ϯ 0.01°C/min) and brain (0.09 Ϯ 0.02°C/min). Tail artery pulse amplitude fell acutely when the intruder rat was introduced, possibly contributing to the increases in body and brain temperature. Prior blockade of ␤3 adrenoceptors (SR59230A 10 mg/kg ip) significantly reduced the amplitude of each temperature increase. Intruder-evoked increases in BAT temperature were similar in resident rats maintained at 11°C for 3 days. In the caged intruder situation there is no bodily contact between the rats, so the stimulus is psychological rather than physical. Our study thus demonstrates that BAT thermogenesis contributes to increases in body and brain temperature occurring during emotional hyperthermia. body temperature; brain temperature; cutaneous blood flow; stressinduced hyperthermia; fever IN MAMMALS, BIRDS, AND REPTILES, body temperature may increase when individuals are placed in salient, emotionally significant situations, those relevant to the life and survival of the individual, a response sometimes referred to as "stressinduced hyperthermia" or "psychological fever" (5, 8, 18, 31, 32, 35, 40, 44, 60) . The amplitude of the stress-related body temperature increase is similar in animals maintained at thermoneutrality or in a cold environment, so the response is not simply secondary to increased metabolism in skeletal and cardiac muscle. Rather, the temperature increases are initiated from the brain via active central command, supplementing homeostatic thermoregulatory processes. This is readily apparent when a lizard behaviorally increases its temperature by selecting a hotter environment after being released from manual restraint (10). In mammals, salient, emotionally arousing events also trigger vasoconstriction in the thermoregulatory cutaneous vascular beds, potentially contributing to emotional hyperthermia by reducing heat loss from the body (for references see Ref. 36).
IN MAMMALS, BIRDS, AND REPTILES, body temperature may increase when individuals are placed in salient, emotionally significant situations, those relevant to the life and survival of the individual, a response sometimes referred to as "stressinduced hyperthermia" or "psychological fever" (5, 8, 18, 31, 32, 35, 40, 44, 60) . The amplitude of the stress-related body temperature increase is similar in animals maintained at thermoneutrality or in a cold environment, so the response is not simply secondary to increased metabolism in skeletal and cardiac muscle. Rather, the temperature increases are initiated from the brain via active central command, supplementing homeostatic thermoregulatory processes. This is readily apparent when a lizard behaviorally increases its temperature by selecting a hotter environment after being released from manual restraint (10) . In mammals, salient, emotionally arousing events also trigger vasoconstriction in the thermoregulatory cutaneous vascular beds, potentially contributing to emotional hyperthermia by reducing heat loss from the body (for references see Ref. 36) .
Most mammals have the capacity for facultative (nonshivering) thermogenesis such as that generated in brown adipose tissue (BAT), and heat produced by BAT is important for thermoregulation because of the amount of heat produced and because the heated blood flows to the rostral half of the body (12, 55, 56) . In arousing hibernators, BAT metabolism accounts for as much as 50% of total energy expenditure (55) . Thus BAT clearly has the potential to contribute to emotional hyperthermia, and its dense sympathetic innervation suggests that BAT thermogenesis is under direct central command.
However, very few studies have investigated whether heat produced in BAT actually contributes to emotional hyperthermia. Direct BAT and body temperature measurements with in situ thermistors, together with denervation and pharmacological blockade studies, suggest that hyperthermia due to restraint is partially due to BAT thermogenesis (45, 53, 54) , as is the hyperthermia associated with social defeat (31) . On the other hand, infrared thermographic measurements of interscapular BAT have been interpreted to suggest that BAT thermogenesis does not contribute to hyperthermia associated with conditioned contextual fear (34, 62) .
Here we simultaneously measure BAT, core body, and brain temperatures to determine whether BAT thermogenesis contributes to the emotional hyperthermia that occurs in a resident Sprague-Dawley rat when an intruder Sprague-Dawley rat, either freely moving or confined to a small cage, is suddenly introduced into the home cage of the resident rat. To further assess the possible contribution of BAT thermogenesis to emotional hyperthermia, we determined whether SR59230A, a ␤3 adrenoceptor antagonist (33, 43, 47) , reduces the increases in BAT, body, and brain temperatures in resident rats suddenly confronted with an intruder rat. In all resident rats we also monitored the thermoregulatory vascular bed by continuously measuring tail artery blood flow with a chronically implanted Doppler ultrasonic flow probe. To further confirm that BAT temperature changes occur independently of homeostatic thermoregulation, intruder experiments were conducted in resident rats maintained for 3 days at 11°C (32) . Measurement of physiological and environmental variables. With the use of general anesthesia as described above, precalibrated thermistor probes (3, 46) were positioned in interscapular BAT near the vein of Sulzer (BAT temperature), in the anterior mediastinum ventral to the trachea (body temperature), and intracranially near the junction of sagittal and transverse sinuses, between the dura mater and the skull bone (brain temperature). We chose this extradural site to minimize traumatic damage associated with intracerebral probes. A Doppler ultrasonic probe (Iowa Doppler Products, Iowa City, IA) was chronically implanted around the base of the tail artery. Insulated wires from the temperature probes and the tail artery Doppler probes were passed subcutaneously and attached to a head socket screwed to the skull. After recovery from anesthesia, the animal was returned to the animal house and individually caged for at least 1 wk before experiments were carried out.
MATERIALS AND METHODS

Animals used and anesthesia for implantation of thermistors
During the experimental period the home cage (35 ϫ 40 ϫ 45 cm) of the resident rat was situated within a ventilated commercial freezer unit, modified so that ambient temperature could be automatically controlled at a preset value (Biomedical Engineering, Flinders University). The freezer unit also isolated the resident rat from external visual and auditory stimuli. The ambient temperature of the unit was 24 -26°C except for the cold ambient temperature study (see Intruder experimental design).The resident rat's head socket was connected to recording devices via a flexible cable and counter-balanced swivel (SL12C, PlasticsOne, Roanoke, VA) in the roof of the cage. Temperature signals were passed to a bridge amplifier (Biomedical Engineering, Flinders University) and then digitized (1 Hz) with PowerLab (ADInstruments, Castle Hill, NSW, Australia). The pulsatile tail artery Doppler flow signal was passed to an analyzer (model 200-202, Triton Technology, San Diego, CA) and then digitized (40 Hz) with PowerLab.
Rats were provided with food and water ad libitum. The food container was suspended from a high-frequency response strain gauge, so that it was possible to document the timing of eating and the amount of food eaten (3) . A reverse light-dark cycle (lights off at 0700 h and lights on at 1900 h) was used, and the light intensity was recorded with PowerLab. Opening the lid of the freezer suddenly increased the light intensity signal within the cage of the resident rat, precisely documenting the commencement of the intruder period (see Intruder experimental design).In some experiments we used a CCD infrared video camera (DBK 21AF04, The Imaging Source, Taiwan) connected to the Powerlab MLS320/7 capture module to simultaneously record the behavior of the of the resident rat before and during the intruder period.
Intruder experimental design. Instrumented rats were transferred to the residence cage and housed individually for at least 1 day before the intruder experiments were conducted. During this 24-h period the resident rat displayed episodic ultradian increases in BAT, body, and brain temperatures preceding food intake, with episodes occurring at ϳ90-min intervals as we previously reported (3, 46) . We introduced the intruder rat during the dark phase ϳ20 min after the end of a meal when the rat was inactive and BAT, body, and brain temperatures were at low levels. The lid of the freezer was suddenly opened, the intruder rat was introduced into the cage of the resident rat, and the freezer lid was promptly closed. This process was usually completed within 30 s. After 30 min the freezer lid was again opened and the intruder was quickly removed.
Six categories of intruder-rat conditions were examined: 1) introduction of an unrestrained intruder Sprague-Dawley rat (ambient temperature 24 -26°C); 2) introduction of an intruder Sprague-Dawley rat confined to a small (19 ϫ 29 ϫ 12 cm) cage (ambient temperature 24 -26°C); 3) introduction of the small (washed) cage without any intruder rat (ambient temperature 24 -26°C); 4) introduction of the caged intruder 1 h after administration of the ␤3 adrenoceptor antagonist SR59230A or vehicle; 5) introduction of the caged intruder Sprague-Dawley rat after ambient temperature had been maintained at 11°C for 3 days and nights; and 6) introduction of the caged intruder to the same resident rat on 3 separate occasions, with each introduction separated by an interval of 3 days.
Drugs. The ␤3 adrenoceptor antagonist SR59230A (Tocris Bioscience, Bristol, UK) was sonicated and dissolved in warm water (35-37°C). The resident rat was gently held in the hands by one experimenter and the drug (10 mg/kg in 0.5 ml water) or vehicle was injected into the peritoneal cavity by a second experimenter.
Analysis, graphing, and statistical assessment of the measured signals. Signals from PowerLab were imported into IgorPro (WaveMetrics, Lake Oswego, OR), and this software was used to analyze and graph the physiological signals. The maximum amplitude of the tail artery Doppler flow signal in sequential 0.25-s bins was calculated using IgorPro. Temperature and tail pulse amplitude traces were graphed as 0.1-Hz signals, with each trace commencing 10 min before introduction of the intruder, and extending for 30 min. Occasional transient artifacts were removed from the traces and replaced with the signal recorded just before or after the artifact using IgorPro software. Preintruder BAT, body, and brain temperature and tail flow pulse amplitudes for each resident rat in each experimental condition were calculated by averaging the signals from 3 to 1 min before introduction of the intruder rat. Postintruder values averaged the signals from 26 to 30 min after introduction of the intruder rat. We used IgorPro to calculate the average slope (°C/min) of the linear fit to the BAT, brain, and body temperature signals for individual resident rats for the period 0 -5 min after introduction of the intruder rat.
Statistical analysis was performed using Statview 5 (SAS Institute Cary, NC). Group data were expressed as means Ϯ SE. The statistical significance of mean differences was assessed with analysis of variance (ANOVA); factorial or repeated measures as appropriate (see figure and table legends for details). If the primary ANOVA treatment effects were significant at P Յ 0.05, post-hoc analysis was performed using Fisher's protected t-test.
RESULTS
BAT, body, and brain temperatures in the resident rat after introduction of an intruder rat at ambient temperature.
Promptly after introduction of the intruder rat, all three measured temperatures began to increase in the resident rat, both when the intruder was free to move around the cage of the resident rat and when the intruder was confined to a small cage, preventing physical contact with the resident rat (Fig. 1, A and B) . Temperatures reached peak values after ϳ15 min and remained elevated for the duration of the 30-min intruder period. The infrared video in the free intruder situation showed that both animals ran around the cage, often making physical contact with each other, without obvious fighting behavior. When the caged intruder was introduced, the resident rat observed the cage for a couple of minutes and then climbed over the cage for ϳ10 min.
For both the free and caged intruder situations, the amplitude of the increase in BAT temperature was greater than the corresponding value in body temperature, and for the caged intruder the increase in BAT temperature was also greater than the increase in brain temperature (Fig. 2A) . The slope of the initial 5-min increase in BAT temperature was greater than the corresponding slope for body and brain temperature in both the free and caged intruder situations (Fig. 2B ). In the free intruder situation, the increase in brain temperature was also greater than the increase in body temperature, but these two temperature increases were similar in the caged intruder situation (Fig.  2B ). There was no significant difference between body and brain in the initial 5-min slope values for either the free or caged intruder situation (Fig. 2B) . Introduction of the empty cage also increased BAT, body, and brain temperatures, but the increases were minor compared with those observed when there was a rat in the cage (Figs. 1C and 2) .
BAT, body, and brain temperatures in the resident rat after introduction of a caged intruder rat after pretreatment of the resident rat with ␤3 adrenergic receptor antagonist SR59230A. Pretreatment with SR59230A (10 mg/kg ip) 1 h before introduction of the caged intruder substantially reduced the amplitude of the caged intruder-evoked increases in BAT, body, and brain temperature compared with no treatment (Figs.  2, A and B, and 3) . SR59230A also substantially reduced the initial 5-min slope of the BAT and body temperature increases, but the slope of the brain temperature increase was not significantly reduced (Fig. 2B) . When vehicle was substituted for SR59230A the values for the amplitude and slopes of the temperature increases for BAT, body, and brain were ϩ1.0 Ϯ 0.1°C and 0.15 Ϯ 0.02°C (n ϭ 5), ϩ0.7 Ϯ 0.1°C and 0.07 Ϯ 0.01°C (n ϭ 5), and ϩ0.8 Ϯ 0.1°C and 0.08 Ϯ 0.02°C (n ϭ 4), respectively. There was no significant change in these values (P Ͼ 0.05 for all changes, factorial ANOVA) compared with the corresponding no treatment condition.
Pretreatment with SR59230A (10 mg/kg ip) did not prevent the acute fall in tail artery blood flow elicited by the introduction of the intruder, as can be seen in Fig. 3 . Tail artery blood flow Doppler signal measured 2.5 min after introduction of the intruder was 3 Ϯ 1 cm/s (n ϭ 5), not significantly different (P Ͼ 0.05, factorial ANOVA) from 3 Ϯ 2 cm/s (n ϭ 5), the corresponding values for the no treatment condition.
Introduction of a caged intruder rat after maintaining the resident for 3 days at 11°C. After 3 days at ambient temperature 11°C, rats exhibited ultradian variability in BAT, brain, and body temperature, with episodes commencing ϳ15 min before food intake (Blessing W, unpublished data),as previously reported for rats maintained at 24 -26°C (2, 3). Intramediastinal body temperature during inactive times of the basic rest-activity cycle was 38.7 Ϯ 0.3°C compared with 37.9 Ϯ 0.1°C in rats maintained at 24 -26°C (P Ͻ 0.05). In contrast, basal temperature readings for BAT and brain were ϳ0.5-1°C lower than corresponding values recorded at ambient temperatures 24 -26°C (Figs. 1 and 4) .
Introduction of a caged intruder rat after 3 days at 11°C substantially increased BAT and brain temperatures, with little or no change in body temperature ( Figs. 2A and 4) . The amplitude of the BAT and brain temperature increases was similar to the corresponding amplitude recorded at 24 -26°C. The time course of the increase in BAT temperature was also similar, so that the initial 5-min slope of the increase was similar to that the corresponding values at 24 -26°C ambient temperature (Fig. 2B) . The initial slope of the brain temperature increase at 11°C was actually greater than the corresponding slope at 24 -25°C (Fig. 2B) .
Tail artery blood flow pulse amplitude. Introduction of the free or caged intruder rat at ambient temperature caused a rapid fall in tail artery pulse amplitude to zero or near-zero levels (Fig. 1, A and B) . After 10 -15 min the flow increased, reaching or exceeding preintruder levels during the 20-to 30-min period after introduction of the intruder. There was also a prompt fall in tail artery blood flow pulse amplitude when the empty cage was introduced, but in this situation flow commenced returning toward preintroduction levels within 5 min (Fig. 1C) . In rats maintained at ambient temperature 11°C for 3 days tail artery pulse amplitude was at near-zero levels before the caged intruder was introduced (Fig. 4) . Pulse amplitude remained at zero or near-zero levels during the intrusion period (Fig. 3) . 
Repeated introduction of the caged intruder.
In a separate series of animals, a caged intruder rat was introduced to the same resident rat on 3 occasions, with 3 days between each introduction. The intruder-provoked increases in BAT, brain, and body temperature, and the initial slopes of the temperature traces, were similar on all 3 occasions (see Table 1 ), with no evidence of habituation with repeated introductions of the intruder rat.
DISCUSSION
BAT thermogenesis contributes to emotional hyperthermia.
Body and brain temperatures promptly increased when the intruder rat was suddenly introduced into the normally quiet environment of the resident rat. Our demonstration of emotional hyperthermia confirms the observations of many previous colleagues, documenting that salient, stressful, or emotive environmental events increase body temperature. In the caged intruder model, the amplitude and the slope of the increases in BAT temperature were greater than corresponding values for body and brain temperature, and pharmacological blockade of ␤3 adrenoceptors with SR59230A substantially reduced the intruder-induced increases in BAT, body temperature, and brain temperatures. Our study therefore provides strong evidence that BAT thermogenesis contributes to the increases in body and brain temperatures in the intruder rat model of emotional hyperthermia.
Previous studies also support our conclusion. BAT temperature increases more than body temperature in a restraint-stress model, and interruption of the sympathetic innervation of BAT Numbers below the columns in A indicate the number of rats in each experimental condition, for both A and B. ‡Significantly greater than corresponding value for body, P Ͻ 0.05, repeated measures ANOVA. ‡ ‡Significantly greater than corresponding value for body, P Ͻ 0.01, repeated measures ANOVA. ¶Significantly greater than corresponding value for brain, P Ͻ 0.05, repeated measures ANOVA. ¶ ¶Significantly greater than corresponding value for brain, P Ͻ 0.01, repeated measures ANOVA. § §Signifi-cantly less than corresponding value for caged intruder at 24 -26°C, P Ͻ 0.01, factorial ANOVA. **Significantly greater than corresponding value for caged intruder at 24 -26°C, P Ͻ 0.01, factorial ANOVA. ns, Not significantly different from indicated comparison, P Ͼ 0.05, repeated measures ANOVA. In B, column IV, ns defined as not significantly different from indicated comparison, P Ͼ 0.05, factorial ANOVA. abolishes the increase in BAT temperature and reduces the corresponding increase in body temperature (53, 54) . Our laboratory also reported that BAT temperature increases more than body temperature in a restraint stress model (45) . In a social defeat model of emotional hyperthermia, pharmacological blockade of ␤3 adrenoceptors with SR59230A also reduces the body temperature increase, so that BAT thermogenesis contributes to the hyperthermia in this model (31) . Other investigators concluded that BAT thermogenesis does not contribute to the emotional hyperthermia that occurs in a conditioned contextual fear model (34, 62) . Both of these studies used infrared thermography to measure the temperature of interscapular BAT. We consider that this conclusion should be verified with a thermistor or thermocouple probe chronically implanted in the BAT tissue.
Brain temperature and emotional hyperthermia. The brain does no mechanical work, so that increases in brain metabolism are especially likely to appear as heat. Summarizing evidence from his own work (23) (24) (25) (26) and from previous studies (4, 15), Kiyatkin (25) concludes that increases in brain temperature during emotional hyperthermia result from increases in the brain's own metabolism, not from heat transferred to the brain via the arterial supply. There are contrasting views. Moser and colleagues (38) observed that brain temperature increases when rats explore the environment. Complementary studies using focal brain stimulation in anesthetized animals led Moser and Matheisen (39) to conclude that the most of the exploration-related increase in brain temperature results from heat produced in peripheral organs. Other investigators have also stressed the importance of the temperature of the incoming cerebral arterial blood in the regulation of brain temperature, noting rapid increases in both parameters in monkeys when, for example, the door of their chamber is suddenly opened and the animal is confronted by the human observer (17) . This is consistent with the idea that BAT thermogenesis contributes to increases in brain temperature during emotional hyperthermia.
Kiyatkin (25) notes that, in awake animals, "the brain is always warmer than the arterial blood supply and thus cannot be warmed by arterial blood." However, if the brain is perfused with arterial blood that has itself been warmed, the final temperature of the brain will be higher than it would have been if perfused with arterial blood that has not been warmed. Our own results strongly suggest that BAT thermogenesis, triggered from the brain via the sympathetic outflow, contributes to the increases in brain temperature occurring during emotional hyperthermia. This is important because it suggests that the temperature increases have a functional role.
Possible functional role of the increases in body and brain temperature. In the present study we observed the resident rat for at least 24 h, recording the coordinated behavioral and physiological events that occur when the rat engages with the external environment as part of the basic rest-activity cycle (2, 3, 46, 47) . This enabled us to introduce the intruder rat when temperatures were at a basal level. The coordinated behavioral and physiological events evoked by the intruder rat are remarkably similar to those occurring, apparently spontaneously, during active phases of the basic rest-activity cycle. The contribution of BAT thermogenesis to the temperature increases is also similar in the two situations.
Increases in body temperature facilitate cardiac and skeletal muscle functioning associated with activity (1). Neural processing is both metabolically expensive and temperature sensitive (20, 21, 29, 38) , so that increases in the temperature of the brain may be important for its own intrinsic functions. We have suggested that increases in brain temperature could facilitate the complex synaptic processing that underlies cognitive processes associated with exploration of the environment (2). Mechanisms whereby this occurs are still under investigation. The hippocampus expresses theta rhythm when an animal actively explores the environment (7, 49, 61) . Higher physiological temperatures facilitate this rhythm because hippocampal neurons express transient receptor potential vanilloid 4 (TRPV4) receptors, and activation of these receptors by physiological increases in brain temperature increases neuronal excitability (51, 52) . Temperature-sensitive TRPV4 and TRPV1 receptors are also physiologically important in magnocellular neurosecretory neurons (58) .
The intruder model of emotional hyperthermia. Our intruder rat procedure has a number of advantages as a model of emotional hyperthermia in the resident rat. The procedure is technically simple and economical. The intruder-induced increases in temperature are substantial and reliable, with a stable temporal pattern. Habituation does not occur when the intruder procedure is repeated. Measuring the physiological variables in the resident rat means that it is possible to obtain continuous records without the problem of reconnecting the recording system, as is necessary when measurements are made in a "socially defeated" intruder rat, or when the cage-switch paradigm is used. The free intruder rat sometimes disturbs the swivel connection and headpiece attached to the resident rat, and with this model it is harder to differentiate physical and psychological aspects of the intruder stimulation. The caged intruder model has the advantage of being a purer psychological stimulus.
Emotional hyperthermia and the concept of fever. It has been claimed that a rise in temperature "must be defined as a fever" if it involves activation of thermoeffector mechanisms that would normally be inhibited during an increase in temperature resulting from increased heat load (5). In our study the sympathetic outflow to the tail artery was activated in association with the increases in temperature induced by the intruder rat. BAT thermogenesis was also activated, with the similar BAT temperature increases at 24 -26°C and at 11°C. Thus the temperature increase observed in our study could/should be classified as a fever according to strictly applied set-point criteria (5, 9, 11, 27, 32, 57) . However, there is a strong medical association between "fever" and underlying lifethreatening processes, including infection and occult neoplasm, that increase temperature by cytokine-related mechanisms. Thus, when Renbourn (48) demonstrated that the body temperature of young boxers is higher before an actual boxing match than before a period of equivalent exercise, the boxingrelated temperature increase was described as "emotional hyperthermia" rather than "psychogenic fever."
Nevertheless the idea that emotional hyperthermia is a true fever has motivated many studies investigating whether it is prevented or reversed by agents that inhibit synthesis of prostaglandins. Kluger and colleagues (28) demonstrated a partial reversal of cage-switching hyperthermia after aspirin and indomethacin. However, the modern consensus is that emotional hyperthermia is not sensitive to inhibitors of cyclooxygenases and is therefore distinct from cytokine-initiated fevers mediated by prostaglandin synthesis (31) . Clearly the set point concept is not useful for differentiating emotionally induced and cytokine-induced increases in temperature. There are other theoretical problems with the set-point concept (37) and we consider that emotional hyperthermia is a better term than psychogenic fever.
Perspectives and Significance
We show in rats that BAT thermogenesis, initiated reasonably independently of thermoregulatory homeostasis via brain central command, contributes to increases in temperature that presumably facilitate planning and action. Our present study and our earlier investigations in rabbits and rats (6, 14, 36, 63, 64) demonstrate that salient or emotional events also vigorously reduce thermoregulatory cutaneous blood flow, and this is also the case in humans (6, 13, 16, 22) . Emotional hyperthermia also occurs in humans, as first convincingly demonstrated by Renbourn (48) . BAT thermogenesis occurs in adult humans and is under sympathetic control (30, 41, 42, 50, 59) . Human basal metabolic rate is particularly sensitive to emotionally significant or salient events (19) . It will be important to determine whether BAT thermogenesis also contributes to emotional hyperthermia in humans.
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